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Introduction {#sec1-1}
============

Neurodegenerative diseases, including Parkinson's and Alzheimer's diseases have complex neurological outcomes with the loss of a large number of neurons as their core feature (Coyle and Puttfarcken, 1993). Further functional analysis has shown that neuronal loss was induced by excessive release of the excitatory transmitter glutamate (Maragakis and Rothstein, 2001); however, the mechanism underlying glutamate induced neurotoxicity is not fully understood.

Oxidative stress is related to many neurological diseases, such as Parkinson's and Alzheimer's diseases, amyotrophic lateral sclerosis and ischemic stroke (Kang et al., 2014; Shefa et al., 2019). The occurrence of oxidative stress is marked with the raised output of oxidizing species or a notable decline of antioxidant defenses, such as glutathione (GSH) and superoxide dismutase (SOD) (Schafer and Buettner, 2001). These events lead to the further production of reactive oxygen species (ROS) that eventually reduce the survival of cells. Current research work shows that the biological effects of oxidative stress are dose related and that moderate oxidative stress causes ferroptosis or apoptosis (Dypbukt et al., 1994; Toyokuni, 1999). These results show that ferroptosis and oxidative stress toxicity may act through similar mechanisms (Kang et al., 2014).

Ferroptosis is a type of programmed cell death dependent on iron; it is uniquely different from other forms of cell death such as apoptosis, classic necrosis or autophagy (Dixon et al., 2012; Yao et al., 2019). Ferroptosis has been implicated in multiple pathological diseases, including cancers (Gout et al., 2001; Yu et al., 2015; Hasegawa et al., 2016), heart ischemia/reperfusion injury (Gascón et al., 2016; Baba et al., 2018), acute renal failure (Conrad et al., 2016) and neurodegenerative diseases (Bogdan et al., 2016; Do Van et al., 2016). Some chemicals, such as erastin, and anti-cancer drugs, such as sorafenib, can induce ferroptosis (Lachaier et al., 2014). Recent data indicate that the inhibition of ferroptosis prevents glutamate induced neurotoxicity (Xie et al., 2016). Known inhibitors of ferroptosis include ferrostatin-1 and the iron chelator deferoxamine. Ferrostatin-1 is an aromatic amine that specifically binds with lipid ROS and protects cells against lipid peroxidation (Cao and Dixon, 2016). Our survey of the literature indicates that the role of ferroptosis on glutamate-induced neuronal toxicity is not fully understood.

Experimental data have shown that the occurrence of ferroptosis is mainly due to the suppression of the cystine/glutamate antiporter system (system X~c~ ^--^), the restraint of glutathione peroxidase 4 (Gpx4) activity, the accumulation of ROS and the reduction of GSH level (Xie et al., 2016). Gpx4, a unique intracellular antioxidant enzyme, has the ability to directly reduce peroxidized phospholipids in the cell membrane (Dixon et al., 2012; Hasegawa et al., 2016). It has been well documented that Gpx4 plays an vital role in the signal transduction of ferroptosis, decrease of Gpx4 activity significantly reduces the clearance of the lipid peroxides (Conrad and Friedmann Angeli, 2015). Studies have shown that knockdown or overexpression of Gpx4 gene can significantly alter the sensitivity of cells to ferroptosis-inducing agents (Yang et al., 2014). The occurrence and development of ferroptosis by inducers, RSL3 and erastin, resulted in the decline of Gpx4 activity through direct binding of the inducers with Gpx4 and indirectly of glutathione deprivation (Dixon et al., 2012; Yang et al., 2014; Imai et al., 2017). Therefore Gpx4 activity can act as a molecular marker of ferroptosis. The status of nuclear factor erythroid-derived-like 2 (Nrf2) is also a critical element that determines the curative reaction to ferroptosis-targeted therapies in tumor cells (Sun et al., 2016). Nrf2 is known to upregulate oxidative stress-related genes (Brigelius-Flohe et al., 2012). Knockdown of *Nrf2* and these Nrf2-targeted genes speeds up erastin-induced ferroptosis in the hepatocellular carcinoma cells (Sun et al., 2016).

We hypothesize that 1) ferroptosis has a crucial effect on glutamate-induced oxidative toxicity, and 2) the inhibitor of ferroptosis, ferrostatin-1, blocks the oxidative toxicity by inhibiting Gpx4. We utilized a glutamate-induced HT-22 cell glutamate toxicity model, with or without the ferroptosis inhibitor ferrostatin-1, to test whether the ferroptosis is involved in glutamate-induced cell toxicity. We examined the levels of oxidative markers such as cytosolic and lipid ROS, malondialdehyde (MDA), SOD, GSH, Gpx4 and Nrf2 to investigate the mechanism of any cytoprotective effect by ferrostatin-1 on cell toxicity. 3) Ferroptosis is a different from other processes of cell death. Therefore we tested the effects of their inhibitors, Z-Val-Ala-Asp (OMe)-fluoromethyl ketone (ZVAD-fmk), 3-methyladenine (3-MA) and necrostatin-1 (Nec-1).

Materials and Methods {#sec1-2}
=====================

Cell culture and drug treatment {#sec2-1}
-------------------------------

HT-22 cells (a mouse hippocampal neurons cell) which were from the Chinese Academy of Sciences (Shanghai, China) were maintained in DMEM medium (Hyclone, South Logan, UT, USA) supplemented with 10% fetal bovine serum, 100 U/mL of penicillin and 100 μg/mL of streptomycin at 37°C in a humidified atmosphere of 5% CO~2~ (Thermo Fisher Scientific, Waltham, MA, USA).

HT-22 cells were seeded in 6-well culture plate (2 × 10^5^ cells/well). Glutamate (1.25, 2.5, 5, 10, 20 mM) was applied to HT-22 cells for 12, 24, 36, and 48 hours. HT-22 cells were cultured with different concentrations of ferrostatin-1 (3, 6 and 12 μM; Selleck, Shanghai, China) for 16 hours prior to exposure to 5 mM glutamate. After 24 hours, the subsequent analyses were conducted.

Other controls for neuronal protection were the iron chelator deferoxamine mesylate salt (DFO) (25--200 μM; Sigma, St. Louis, MO, USA), OMe-fluoromethyl ketone (ZVAD-fsk) (2--8 μM; Sigma), 3-MA (100--400 μM; Sigma) and Nec-1 (10--40 μM; Sigma). Each was co-treated with 5 mM glutamate for 24 hours at 37°C and 5% CO~2~ at 1 hour before the 5 mM glutamate treatment.

Cell viability detection {#sec2-2}
------------------------

The cell viability was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Jiang et al., 2014b). The results were determined using the microplate reader (Spectra Max M2e, Sunnyvale, CA, USA) at 490 nm.

Ultrastructure morphological changes of cells {#sec2-3}
---------------------------------------------

The ultrastructure morphological changes of cells were measured as previously reported (Mei et al., 2014). HT-22 cells were seeded in 6-well culture plate (2 × 10^5^ cells/well) and pretreated with ferostatin-1 (25 μM) for 16 hours and then 5 mM glutamate was added, after which they were incubated for 24 hours. Cells were digested and collected in phosphate buffer saline, immobilized with 2.5% glutaraldehyde in 0.1% sodium chloride buffer, and then 0.1% sodium chloride buffer was fixed with 1% osmium tetroxide. The preparation method comprised of the following steps: trimming, preparing a semi-thin section, positioning, preparing an ultra-thin section, dyeing with the lead acid, observing and taking the photo. Concisely, the cells were pretreated and subjected to transmission electron microscopy (JEM1230, Akishima, Japan) at 20,000× magnification, 80.0 kV accelerating voltage.

Lactate dehydrogenase release assay {#sec2-4}
-----------------------------------

Lactate dehydrogenase (LDH) release assay was measured as formerly reported (Wang et al., 2011). HT-22 cells in the logarithmic growth period were digested, collected and diluted according to the description of the LDH assay kit (Beyotime, Nanjing, Jiangsu Province, China). HT-22 cells were cultured in 96-well culture plate (2 × 10^4^ cells/well) at 37°C and incubated with 5% CO~2~ for 24 hours. Each group had six multiple wells with each well having a volume of 100 μL. Fresh HT-22 cells in DMEM solution containing different concentrations of ferostatin-1 (1, 5, 25 μM) was exposed to 5 mM glutamate for 24 hours. The glutamate group was added with DMEM medium containing 5 mM glutamate. In the treatment group, ferostatin-1 (3, 6, 12 μM) was added 16 hours before the 5 mM glutamate group. After culture at 37°C and 5% CO~2~ concentration for 24 hours, LDH release was assessed using a LDH assay kit (Beyotime) following the manufacturer's instruction.

Detection of oxidative stress markers {#sec2-5}
-------------------------------------

HT-22 cells were seeded in 6-well culture plate (2 × 10^5^ cells/well) and pretreated with ferostatin-1 (25 μM) for 16 hours and then 5 mM glutamate was added, after which they were incubated for 24 hours. HT-22 cells were added to the lysis solution for 5 minutes, centrifuged and removed, and the precipitate was discarded. Gpx4 activity was tested as previously described (Pan et al., 2008). SOD activity was tested by nitro Blue Tetrazolium staining method (Flohe and Gunzler, 1984; Guo et al., 2012). MDA level was tested by the thiobarbituric acid method (Heath and Packer, 1968).

Caspase 3 activity assay {#sec2-6}
------------------------

Caspase 3 activity assay was performed as formerly reported (Su et al., 2014). Briefly, the manufacturer's instructions (Beyotime) were followed for all reagents and procedures. The yellow fluorescence was measured after 1 hour incubation at 37°C in the dark.

4′,6-Diamidino-2-phenylindole staining {#sec2-7}
--------------------------------------

4′,6-Diamidino-2-phenylindole (DAPI) fluorescent staining was tested as previously reported (Szczurek et al., 2014). Concisely, the cells were incubated with the DAPI dye at room temperature in the dark for 10 minutes and the cells were examined under a fluorescence microscope (BX60; Olympus, Tokyo, Japan) with a Leica DC 500 camera (Wetzlar, Germany).

Flow cytometry {#sec2-8}
--------------

The content of cytoplasmic ROS containing C11-BODIPY (581/591) and lipid ROS was detected with fluorescent H2DCF-DA as a probe. HT-22 cells were resuspended in H2DCF-DA and C11-BODIPY (581/591) serum-free medium with a final concentration of 10 μM. Cells were cultured for 30 minutes and shaken for 3--5 minutes C11-BODIPY (581/591) to ensure full contact between the fluorescent probe and the cells. Afterward, the cells were washed three times with fresh medium to fully remove the H2DCF-DA and C11-BODIPY (581/591). ROS and lipid ROS were levels measured by flow cytometry (Beckman Coulter, Brea, CA, USA). After preparation of the HT-22 cells, described as above, the cells were analyzed with a flow cytometer (Beckman Coulter). ROS and lipid ROS levels were measured as previously described (Su et al., 2014). The monodansylcadaverine (MDC) level test was carried out as previously reported (Mei et al., 2014) and the mean fluorescence intensity for 10,000 cells/sample was determined.

Western blot analysis {#sec2-9}
---------------------

Western blot analysis was used as formerly reported (Jiang et al., 2014a). Briefly, aliquots of protein were transferred onto nitrocellulose filter membranes (Bio-Rad, Hercules, CA, USA) after SDS-PAGE electrophoresis. After blocking with nonfat milk for 1 hour, nitrocellulose filter membranes were incubated with primary antibodies (rabbit anti-mouse Gpx4 antibody, 1:1000, ab125066, Abcam, Shanghai, China; rabbit anti-Nrf2 antibody, 1:1000, ab137550, Abcam) overnight at 4°C. Peroxidase-conjugated goat anti-rabbit IgG (ZSGB-BIO, Beijing, China) was diluted 1:500 and incubated at 25°C for 1.5 hours. Protein bands were analyzed by Image lab 5.2.1 (Bio-Rad).

Real-time quantitative polymerase chain reaction {#sec2-10}
------------------------------------------------

Real-time quantitative polymerase chain reaction analysis was carried out as formerly reported (Zhu et al., 2012). Total RNA was isolated with TRIzol Reagent (Gibco/Brl, Grand Island, NY, USA) and the real-time quantitative polymerase chain reaction was carried out with the QuantiNova SYBR Green PCR Kit (Bimake, Houston, TX, USA) following the manufacturer's instructions. The results were acquired after 40 cycles of amplification. Quantification data represented the mean of three experiments. The threshold cycles (Ct) were conclusive for each gene and gene expression levels were evaluated using 2^--ΔΔCt^. The primers used in the experiments are listed in **[Table 1](#T1){ref-type="table"}**.

###### 

The primer sequences of the target genes in this study

  Gene      Forward                            Reverse                            Product size (bp)
  --------- ---------------------------------- ---------------------------------- -------------------
  Ptgs2     5′-AAG ACT TGC CAG GCT GAA CT-3′   5′-CTT CTG CAG TCC AGG TTC AA-3′   485
  Gpx4      5′-GCA GGA GCC AGG AAG TAA TC-3′   5′-GGC TGG ACT TTC ATC CAT TT-3′   1342
  β-Actin   5′-AGT GTG ACG TTG ACA TCC GT-3′   5′-TGC TAG GAG CCA GAG CAG TA-3′   120

Statistical analysis {#sec2-11}
--------------------

All data discussed in this study were presented as the mean ± standard deviation (SD). The data were analyzed using one-way analysis of variance by GraphPad Prism 5.0 for Windows (GraphPad Software, San Diego, CA, USA). Significance of difference between experimental groups was analyzed by the Tukey's *post-hoc* test, with *P* \< 0.05 considered to be statistically significant.

Results {#sec1-3}
=======

Ferroptosis is involved in glutamate-induced toxicity in HT-22 cells {#sec2-12}
--------------------------------------------------------------------

Dose-response tests evaluated the effect of treatment of HT-22 cells using different concentrations glutamate and showed decreased survival of neurons over time (MTT assay). Cultures with glutamate significantly decreased cell viability, *P* \< 0.01, (**[Figure 1A](#F1){ref-type="fig"}**). The cell survival rate was near its lowest in HT-22 cells treated with 5 mM glutamate for 12 hours. These conditions were selected for the model.

![Effect of ferrostatin-1 on glutamate-induced toxicity in HT-22 cells.\
(A) The decreased cell viability, measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, was induced by increasing doses of glutamate treatment. (B) The effect of ferrostatin-1 on the viability of HT-22 cells incubated with 5 mM glutamate, as measured by MTT assay. (C) The effect of ferrostatin-1 on the HT-22 cells. Viability assayed with MTT. (D) The effect of ferrostatin-1 on the lactate dehydrogenase (LDH) level in the HT-22 cells, with and without the glutamate treatment. Data are expressed as the mean ± SD. \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. control group; \**P* \< 0.05, \*\**P* \< 0.01, *vs*. glutamate group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represented the mean of three experiments in duplicates. HT-22 cell: A mouse hippocampal neurons cell.](NRR-15-528-g002){#F1}

Ferrostatin-1 was pre-administered to determine if ferroptosis is involved in glutamate-induced toxicity. The results indicated that ferrostatin-1 dose-dependently reduced cell death, with a maximum effect at a dose of 12 μM (**[Figure 1B](#F1){ref-type="fig"}**), but had no significant effect on the survival of HT-22 cells deprived of glutamate (**[Figure 1C](#F1){ref-type="fig"}**). However, ferrostatin-1 did not rescue apoptosis induced by 1-methyl-4-phenylpyridinium in PC12 cells (data not shown). The LDH assay showed that after glutamate treatment the release of LDH significantly increased, which was inhibited by ferrostatin-1 treatment (*P* \< 0.01; **[Figure 1D](#F1){ref-type="fig"}**).

DAPI staining was utilized to assess the apoptosis of cells in our study. The number of cells decreased after glutamate treatment (**[Figure 2B](#F2){ref-type="fig"}**). However, co-treatment with ferrostatin-1 and glutamate significantly increased cell growth (**[Figure 2C](#F2){ref-type="fig"}**).

![Effect of ferrostatin-1 on the morphological features of HT-22 cells.\
(A--C) 4′,6-Diamidino-2-phenylindole (DAPI) staining of HT-22 cells in (A) control, (B) Glu (5 mM), (C) Glu (5 mM) + Fer-1 (12 μM) groups. The white arrows indicate cell nucleus. (D--F) Transmission electron microscopy was used to observe the mitochondria. The white arrow indicates mitochondria. The mitochondria membrane density increased after the Glu treatment (E) compared with the control group (D) but the changes were smaller in the Glu + Fer-1 group (F). Scale bars: 100 μm in A--C, 200 μm in D--F. Fer-1: Ferrostatin-1; Glu: glutamate; HT-22 cell: a mouse hippocampal neurons cell.](NRR-15-528-g003){#F2}

The morphological features of mitochondria were observed under transmission electron microscopy. The results showed that mitochondria of the 5 mM glutamate treatment group (**[Figure 2E](#F2){ref-type="fig"}**) appeared smaller than controls (**[Figure 2D](#F2){ref-type="fig"}**), and the membrane density increased compared with the control group. Glutamate (5 mM) plus ferrostatin-1 (12 μM) reduced the morphologic changes induced by glutamate (**[Figure 2F](#F2){ref-type="fig"}**).

Other types of cell death inhibitor fail to influence cell survival in HT-22 cells treated with glutamate {#sec2-13}
---------------------------------------------------------------------------------------------------------

Different types of cell death inhibitors including apoptosis inhibitor ZVAD-fmk, autophagy inhibitor 3-MA, necrosis inhibitor Nec-1, and iron chelator DFO were co-treated with glutamate to determine whether these inhibitors affected the survival rate of HT-22 cells treated with glutamate. ZVAD-fmk (2--8 μM), 3-MA (100--400 μM) and Nec-1 (10--40 μM) were unsuccessful defenses against glutamate-induced cell death (**Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}**). However, the iron chelator DFO significantly prevented HT-22 cell death in the glutamate toxicity model (*P* \< 0.01) (**[Figure 3D](#F3){ref-type="fig"}**). This suggests that ferroptosis plays an important role in glutamate-induced cell toxicity.

![Effects of other types of cell death inhibitor including ZVAD-fmk (A), 3-MA (B), Nec-1 (C) and DFO (D) on the cell viability of HT-22 cells treated with Glu as detected by MTT.\
Cell viability are expressed the optical density ratio to control group. Data are expressed as the mean ± SD. \#\#*P* \< 0.01, *vs*. control group; \**P* \< 0.05, \*\**P* \< 0.01, *vs*. Glu group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represented the mean of three experiments in duplicates. 3-MA: 3-Methyladenine; DFO: deferoxamine mesylate salt; Glu: glutamate; HT-22 cell: a mouse hippocampal neurons cell; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nec-1: necrostatin-1; ZVAD-fmk: Z-Val-Ala-Asp (OMe)-fluoromethyl ketone.](NRR-15-528-g004){#F3}

We also measured the classical markers of apoptosis and autophagy; the activation of caspase-3 and the level of MDC (Xie et al., 2016) to test if apoptosis and autophagy occurred in glutamate-induced cell toxicity and whether they are involved in the protective effect of ferrostatin-1 on HT-22 cells. As shown in **[Figure 4A](#F4){ref-type="fig"}**, there was a small increase in caspase-3 activity in the glutamate treated group but addition of ferrostatin-1 had no further effect. The flow cytometry was utilized to monitor the intracellular MDC level. Our results showed that the fluorescence intensity of glutamate-treated group was markedly raised in comparison with the control group (*P* \< 0.01), but there was no significant difference in MDC level between the glutamate-treated group and ferrostatin-1 group (**[Figure 4B](#F4){ref-type="fig"}**).

![Effects of glutamate and ferrostatin-1 on apoptosis and autophagy measured as the activity of caspase-3 (A) and MDC (B) in HT-22 cells.\
Data are expressed as the mean ± SD. \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. control group; \*\**P* \< 0.01, *vs*. Glu group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represented the mean of three experiments in duplicates. Glu: Glutamate; HT-22 cell: a mouse hippocampal neurons cell; MDC: monodansylcadaverine.](NRR-15-528-g005){#F4}

Ferrostatin-1 reduces the expression of ROS and lipid peroxidation in glutamate-treated HT-22 cells {#sec2-14}
---------------------------------------------------------------------------------------------------

Ferroptosis is characterized by lipid peroxidation, raising the possibility that the protective effect of ferrostatin-1 on glutamate-induced cell toxicity is by preventing lipid peroxidation (Latunde-Dada, 2017). Thus we measured the cytosolic and lipid ROS, SOD and MDA, which are factors associated with lipid peroxidation. Treatment with glutamate resulted in a time-dependent increase in cytosolic and lipid ROS measured by flow cytometry using DCFH-DA and C11-BODIPY as probes, indicating that ferrostatin-1 could significantly reduce the cytosolic and lipid ROS (*P* \< 0.01, vs. glutamate group; **Figure [5A](#F5){ref-type="fig"}** & **[B](#F5){ref-type="fig"}**).

![Effects of ferrostatin-1 on glutamate-induced ROS and lipid peroxidation level in Glu-treated HT-22 cells.\
(A, B) The effect of ferrostatin-1 on cytosolic (A) and lipid (B) ROS level in Glu-treated HT-22 cells by flow cytometry. (C, D) The effect of ferrostatin-1 on MDA (C) and SOD (D) level in Glu-treated HT-22 cells. Data are expressed as the mean ± SD. \#\#*P* \< 0.01, *vs*. control group; \**P* \< 0.05, \*\**P* \< 0.01, *vs*. Glu group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represent the mean of three experiments in duplicates. Glu: Glutamate; HT-22 cell: a mouse hippocampal neurons cell; MDA: malondialdehyde; ROS: reactive oxygen species; SOD: superoxide dismutase.](NRR-15-528-g006){#F5}

We measured the expression of MDA and SOD to further examine whether glutamate could induce lipid peroxidation in HT-22 cells. As shown in **[Figure 5C](#F5){ref-type="fig"}**, after pretreatment with glutamate, the intracellular MDA concentration of HT-22 cells markedly increased, which was prevented by ferrostatin-1 treatment. The results also showed that after glutamate treatment the SOD activity markedly decreased in contrast to the control group. However, pretreatment with ferrostatin-1 significantly increased SOD activity compared with the glutamate group (*P* \< 0.01; **[Figure 5D](#F5){ref-type="fig"}**).

Effect of ferrostatin-1 on the expression of prostaglandin peroxidase synthase 2, Nrf2 and Gpx4 in glutamate treated HT-22 cells {#sec2-15}
--------------------------------------------------------------------------------------------------------------------------------

To investigate the mechanism of the cytoprotective effect of ferrostatin-1 in glutamate-treated cells, we examined the expression of the mRNAs, prostaglandin peroxidase synthase 2 (*PTGS2*) and *Gpx4*. A total of 5 mM glutamate increased the expression of *PTGS2* in HT-22 cells, whereas ferrostatin-1 suppressed the *PTGS2* up-regulation by glutamate measured by real-time quantitative polymerase chain reaction (*P* \< 0.01, *vs.* control group; **[Figure 6A](#F6){ref-type="fig"}**).

![Effect of ferrostatin-1 on the expression of *PTGS2* (A) and *Gpx4* (B) after Glu treatment in HT-22 cells.\
The data present as the mean ± SD. \#\#*P* \< 0.01, *vs*. control group; \**P* \< 0.05, \*\**P* \< 0.01, *vs*. Glu group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represent the mean of three experiments in duplicates. Glu: Glutamate; Gpx4: glutathione peroxidase 4; HT-22 cell: a mouse hippocampal neurons cell; PTGS2: prostaglandin peroxidase synthase 2.](NRR-15-528-g007){#F6}

As shown in **[Figure 7A](#F7){ref-type="fig"}**, 5 mM glutamate significantly decreased Nrf2 compared with the control group, measured by western blot assay. Ferrostatin-1 reduced the deficit. The expressions of Gpx4 and Gpx4 decreased after glutamate treatment (*P* \< 0.01) and were significantly antagonized by ferrostatin-1 treatment (**Figures [6B](#F6){ref-type="fig"}** and **[7B](#F7){ref-type="fig"}**).

![Effect of ferrostatin-1 on the expression of Nrf2 (A) and Gpx4 (B) after Glu treatment in HT-22 cells.\
Western blot data represent as the mean ± SD. \#\#*P* \< 0.01, *vs*. control group; \**P* \< 0.05, \*\**P* \< 0.01, *vs*. Glu group (one-way analysis of variance followed by Tukey's *post-hoc* test). Quantification data represent the mean of three experiments in duplicates. Glu: Glutamate; Gpx4: glutathione peroxidase 4; HT-22 cell: a mouse hippocampal neurons cell; Nrf2: nuclear factor erythroid-derived-like 2.](NRR-15-528-g008){#F7}

Discussion {#sec1-4}
==========

As described above, the mechanism underlying glutamate induced neurotoxicity is not well understood. The HT-22 cells lack functional glutamate receptors and therefore have been widely used as a model for the analysis of the mechanism of glutamate-induced neurotoxicity. The toxicity induced in HT-22 cells by glutamate could be rescued by a ferroptosis inhibitor but not by an apoptosis inhibitor, autophagy inhibitor or necrosis inhibitor. Thus, our present study demonstrated that ferroptosis plays a crucial role in glutamate-induced oxidative toxicity, which is in accordance with our previous study (Wu et al., 2012). The cell activity assays that are classical markers of apoptosis and autophagy, such as caspase-3 and MDA, confirmed that apoptosis and autophagy are not involved in glutamate-induced cell toxicity. On the other hand, our data showed that the cell toxicity was inhibited by the iron chelator DFO, which strongly suggests the cell toxicity induced in HT-22 cells by glutamate is dependent on iron. The morphology experimental results showed that the change of the mitochondrial morphology and the bilayer membrane density and other structural characteristics from the glutamate-induced HT-22 cells was consistent with a recent research report on ferroptosis (Cao and Dixon, 2016). Thus we can confirm that ferroptosis is a major process in the cell toxicity induced by glutamate treatment.

Although it has been reported that glutamate-induced HT-22 cell death was significantly inhibited by the ferroptosis inhibitor ferrostatin-1 (Liu et al., 2015), the mechanism had not been uncovered. In our present study, ferrostatin-1 significantly reduced the up-regulation of cytoplasmic and lipid ROS that are associated with glutamate-induced cell death by ferroptosis. However, other types of cell death inhibitors including ZVAD-fmk, 3-MA, Nec-1 failed to reduce glutamate-induced cell death. To the best of our knowledge, these findings have never been reported before. Our other investigations showed that ferrostatin-1 blocked glutamate-induced downregulation of PTGS2, Nrf2 and Gpx4. PTGS2 is one of the key enzymes in the synthesis of prostaglandins, which increases the activity of peroxidase and the level of ROS and affect the balance of oxidation. It has been previously reported that PTGS2 encoding cyclooxygenase-2 is significantly up-regulated in ferroptosis, indicating the important role of PTGS2 (Xie et al., 2016). In this study, we showed that glutamate upregulated PTGS2 in HT-22 cells, co-treatment of cells with ferrostatin-1 suppressed the PTGS2 induction by glutamate, suggesting that ferrostatin-1 may protect cells from toxicity by inhibiting the expression of PTGS2. Our results suggested that PTGS2 upregulation may be downstream of the lipid peroxidation that occurs during ferroptosis.

Nrf2 initiates an endogenous antioxidant response element and activates the transcription of a large number of antioxidant enzymes downstream, including Gpx4 and heme oxygenase-1. We previously found that Nrf2 had a protective effect on dopaminergic neurons (Jiang et al., 2014a). In this research, we demonstrated that the expression of Nrf2 decreased significantly after glutamate treatment, which was prevented by ferrostatin-1. This confirms that glutamate causes oxidative toxicity affecting cell viability, whereas ferrostatin-1 protects cells by inhibiting oxidative toxicity. Our results are consistent with the previous study demonstrating that Nrf2 protects against ferroptosis in hepatocellular carcinoma cells (Sun et al., 2016) and shows in addition that Nrf2 up-regulation may underlie the cytoprotective mechanism of ferrostatin-1.

Our current study also found that ferrostatin-1 protected HT-22 cells against the down-regulation of Gpx4-induced by glutamate. We demonstrated that the down-regulation of Gpx4-induced by glutamate not only contributed to the death of HT-22 nerve cells but specifically to neuronal ferroptosis. This supports the hypothesis that glutamate induces ferroptosis through inhibition of Gpx4. Since Gpx4 is an antioxidant enzyme that reduces oxidized cholesterol (Conrad and Friedmann Angeli, 2015), it is convincing to conclude that ferrostatin-1 protects HT-22 cells by inhibiting oxidative toxicity. Ablation of Gpx4 induces neuronal loss, therefore systemic ablation of Gpx4 would be fatal to mice (Seiler et al., 2008). Moreover, conditional deletion of Gpx4 triggers rapid degeneration of spinal motor neurons probably through ferroptosis in mice (Chen et al., 2015). RSL3 and Erastin can direct bind to Gpx4 causing the decline of the Gpx4 activity in cancer cell ferroptosis (Dixon et al., 2012; Yang et al., 2014), intimating a special role for Gpx4 in the cancer cell.

In our aim to investigate the underlying principle of the protective effect of ferrostatin-1 on HT-22 cells we examined the relative markers of oxidative toxicity. Our results showed that ferrostatin-1 significantly inhibited the production of cytoplasmic and lipid ROS, and reversed glutamate-induced suppression of GSH and Gpx in HT-22 cells, suggesting that ferrostatin-1 protects HT-22 cells by blocking oxidative toxicity. The mitochondria of glutamate treated HT-22 cells were smaller in size and their membrane density greater than the control group, whereas the changes were less pronounced in the ferrostatin-1 group, suggesting that ferrostatin-1 protects the mitochondria from damages.

Accumulation of ROS is one of the hallmarks of ferroptosis. We found that the ferroptosis inhibitor, ferrostatin-1, can effectively inhibit both the cytosolic and lipid ROS production, these are similar results to those found with HT-1080 cancer cells (Gao et al., 2015; Kwon et al., 2015). Our experiments confirm that ferroptosis is caused by the production of cellular cytoplasmic and lipid ROS. DAPI staining and MDC levels were significantly boosted in glutamate-treated cells, which suggested that apoptosis and autophagy also occur. However, although ferrostatin-1 significantly increased cell viability compared with the glutamate reference group, the fluorescence intensities of DAPI and MDC were not affected. Neither autophagy nor apoptosis in cells would be expected in the timescale of this experiment. Rather, we have shown that ferroptosis is the main form of cell death during glutamate induced complex cell death in the HT-22 cells.

We chose one inhibitor, ferrostatin-1, to test the occurrence of ferroptosis in a glutamate-induced cell death model and decided to pre-treat the cells with ferrostatin-1 to protect them from glutamate induced injury. In future, the effects of more than one inhibitor might acquire more information on the molecular mechanisms. Studies on the protective effects of ferrostatin-1 in animal models *in vivo* should also be explored. It has been reported that the metabolic glutamate receptor 5 (GLU5) in HT-22 cell membranes reacts with glutamate to promote ERK1/2 and subsequent peroxidation (Kritis et al., 2015; Sato et al., 2016). It would be useful to explore how mGLU5 may regulate the ferroptosis.

Our study indicates that most of glutamate-induced HT-22 cell death occurs by ferroptosis. Ferroptosis is an iron-dependent non-apoptotic cell death induced in the cell by reversing the cystine/glutamate transporter (X~c~^−^) in the cells reducing the antioxidant GSH (Dixon et al., 2012). Overall, glutamate treatment not only causes obvious depletion of intracellular GSH but also inhibits cellular uptake of cystine, which then leads to inactivate Gpx and increases cytosolic and lipid ROS level. These trigger oxidative stress and disorders in the cellular redox state, eventually causing cell ferroptosis. Our research suggests that Nrf2 and Gpx4 up-regulation may be the basis of the cytoprotective mechanism of ferrostatin-1.

Two lines of future research are necessary to understand the process. The first would be to explore ferroptosis in animal experiments *in vivo*. The second arises from our results that suggest ferroptosis occurred in HT-22 cells damaged by glutamate. However, the glutamic acid-damaged HT-22 cell model may result in other means of cell death, including apoptosis and necrosis. The circumstances and time scales relative to those of ferroptosis need further study. In summary, our results strongly reveal that ferroptosis plays a vital function in glutamate-induced neuronal damage. We found that ferrostatin-1 antagonized neurotoxicity induced by glutamate through inhibiting oxidative toxicity, and shed light on the ferroptosis inhibitors as potential therapeutic agents for the treatment of neurodegenerative diseases.
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